Secondary ion mass spectrometry measurements show that Earth's representative lower mantle minerals synthesized in a natural peridotitic composition can dissolve considerable amounts of hydrogen. Both MgSiO 3 -rich perovskite and magnesiowüstite contain about 0.2 weight percent (wt%) H 2 O, and CaSiO 3 -rich perovskite contains about 0.4 wt% H 2 O. The OH absorption bands in Mg-perovskite and magnesiowüstite were also confirmed with the use of infrared microspectroscopic measurements. Earth's lower mantle may store about five times more H 2 O than the oceans.
The mass of the oceans is only 0.02% of that of Earth. If Earth was formed by the mixture of C1 chondrite and enstatite chondrite (1) , it initially contained about 2 wt% H 2 O. Most of the H 2 O (or reduced H) may have been lost from Earth since then, or it may still be stored in Earth's deep interior. If H 2 O is present in the interior, it will influence the physical and chemical properties of the silicate mantle such as its viscosity (2) , melting temperature (3, 4) , rate of ionic diffusion, and grain growth. Previous experiments on the maximum solubility of H 2 O or hydrogen in mantle minerals and molten iron at high pressures showed that wadsleyite and ringwoodite can include 2 to 3 wt% of H 2 O in the transition zone (5) (6) (7) and that molten iron can dissolve ϳ4% hydrogen (8) . However, the possible sites for H 2 O in lower mantle minerals have been controversial. The dense hydrous magnesium silicate (DHMS) phase of phase D contains more than 10 wt% H 2 O in the lower mantle, but it is stable only in cold slabs at depths shallower than 1200 km (9) . The lower mantle is believed to consist predominantly of Mg-perovskite with some magnesiowüstite and Ca-perovskite (10, 11) . Elucidating the water contents in these minerals will lead to an understanding of the most promising storage site of H 2 O in the lower mantle. It was suggested that Mg-perovskite was a potential candidate for water storage in the deep mantle (12) (13) (14) . Previous infrared spectroscopic measurements showed that the solubility of water in pure MgSiO 3 -perovskite is quite limited or undetectable (15, 16) . However, it is well understood that the water in nominally anhydrous minerals such as olivine, pyroxene, garnet, and their high-pressure polymorphs is likely to be contained in the form of point defects, which increase with chemical impurities (12, 17) .
We measured the abundance of hydrogen in Mg-perovskite, magnesiowüstite, and Caperovskite synthesized in the natural peridotitic composition. The mineral phases were synthesized at high pressure and high temperature in a multianvil apparatus. Three starting materials were prepared as mixtures of Mgfree KLB-1 peridotite gel and brucite. CaSiO 3 glass or MgO and FeO reagents were also added to increase the volume of Caperovskite or magnesiowüstite ( perovskite). They were measured under the same conditions to have constant background signals correlated with the hydrogen ions. Surface-correlated water in the sample, such as water adsorbed on the surface and in micro-cracks introduced by polishing, was removed by sputtering the surface of the sample and monitoring the profile of the hydrogen intensity with sputter time (20, 22) . All analytical points showed the steady state of hydrogen intensity. The spot size of the primary ion beam (ϳ10 m) was smaller than the size of the grains analyzed in these measurements. Accordingly, we were able to avoid grain boundary effect. The analyzed water contents are shown in Table 2 . The dispersion of each analytical point in the same phase may be due to the change in hydrogen background signals and the sample heterogeneity. The results show that Mg-perovskite and magnesiowüstite each contain ϳ0.2 wt% and that Ca-perovskite con- ) . The IR spectra were obtained from doubly polished large crystals (ϳ100 m in size). All the grains analyzed were checked to be single grains by cross-polarized microscope. To avoid the grain boundary effect, we handpicked the crystals from the sample capsule. We found OH stretching bands at ϳ3690, ϳ3600, ϳ3410, and ϳ3340 cm Ϫ1 in the Mg-perovskite and at ϳ3620, ϳ3520, and ϳ3400 cm Ϫ1 in the magnesiowüstite (Fig. 1, A and B) . The highest peak positions around 3400 cm Ϫ1 of Mg-perovskite and magnesiowüstite are similar to previous spectral measurements for the MgSiO 3 -perovskite (15, 16) . We confirmed that the absorption intensity of the same single crystal of Mg-perovskite analyzed at same direction was proportionally reduced with thickness of a crystal from 50 to 20 m. This result indicates that the adsorbed water on the sample surface is negligible in our measurements. The variation of band intensity in different grains (Fig. 1, A and B), therefore, might be due to heterogeneity of water contents in these minerals. The polarization anisotropy of IR spectra are presented in Fig. 1 , C and D. Both the polarized spectra of Mg-perovskite and magnesiowüstite changed with changing sample orientation from 0°to 90°. This indicates that the water species observed in Mg-perovskite and magnesiowüstite are crystallographically oriented structural waters. Moreover, neither sub-m inclusions nor sub-grain boundaries were observed in the single crystal of Mg-perovskite by the transmission electron microscopy (TEM; JEOL-2010). This observation shows that the hydroxyls should be in the crystal structure of Mg-perovskite. The relatively broad absorption spectra in the present IR analyses may indicate more complex speciation of water (25) than that formed in the simple MgSiO 3 system. We estimated the water content in the Mg-perovskite and magnesiowüstite with the use of unpolarized IR absorption data and on the basis of the BeerLambert law (26 is incorporated with these substitutions based on the water contents studied here. This study also shows that magnesiowüstite can contain large amounts (27) . The coupled substitution 2M 2ϩ ϭ Fe 3ϩ ϩ H ϩ may be necessary to incorporate hydrogen in this phase. Ca-perovskite is a major carrier of trace elements in the lower mantle (28). Our study shows that Ca-perovskite has a higher solubility of H 2 O than the other two phases. However, the analyses were made after Ca-perovskite became amorphous at ambient pressure, so further investigation on its H 2 O solubility with a perovskite structure is needed.
Our results suggest that the lower mantle can potentially store considerable amounts of water. A lower mantle, consisting of 79 wt% Mg-perovskite, 16 wt% magnesiowüstite, and 5 wt% Ca-perovskite (11), can contain 0.2 wt% H 2 O. When this capacity is integrated over the mass of the lower mantle, the total mass of water is ϳ5 times that of oceans. This amount is comparable to that in the transition zone (ϳ6 times more than the oceans), where 3.3 and 2.2 wt% H 2 O can be included in wadsleyite and ringwoodite, respectively (5, 7). The considerable amount of hydrogen can be stored in deep reservoirs such as the transition zone, lower mantle, and core (5-8).
The high solubility of H 2 O in representative lower mantle minerals also has implications for the rheological properties of the lower mantle (29). The presence of water in a crystal structure can reduce the strength of a mineral and control creep mechanisms (2, 6) . The water may be transported into the lower mantle by the subduction of hydrated slabs, and may be released upon decomposition of DHMS phases such as phase D, which contains ϳ10 wt% H 2 O, around 1200 km depth (9) . Hydrogen may be also added to the lower mantle from the hydrogen-saturated outer core as H 2 O (8). Lower mantle minerals would absorb this released H 2 O and would be considerably softened due to the relaxation around the defects. Accordingly, flow of material would be expected along the down-going slabs and along the bottom of the mantle. beam consisted of mass-filtered 16 O -, accelerated -12.5 kV, with a beam current of about 5 nA and a spot size of 10 to ϳ15 m in diameter. Secondary ions were accelerated at 4.5 kV. The intensity of the positive secondary 1 H ϩ , 30 Si ϩ , 26 Mg ϩ , and 44 Ca ϩ ions were measured under steady state secondary ion emissions. To reduce the background signals, the vacuuming level of the sample chamber was maintained at 0.2 Pa, and a cold trap by liquid nitrogen was employed. The samples were coated with Au film of ϳ20 nm thickness to eliminate electrostatic charging. Two standard materials were measured repeatedly in every analysis of the sample. Accordingly, the calibration lines were constructed with each analysis. Other analytical and instrumental conditions were similar to previous works (20, 21) Using long-duration, three-dimensional magnetohydrodynamic simulation, we found that the magnetic dipole field generated by a dynamo action in a rotating spherical shell repeatedly reverses its polarity at irregular intervals (that is, punctuated reversal). Although the total convection energy and magnetic energy alternate between a high-energy state and a low-energy state, the dipole polarity can reverse only at high-energy states where the north-south symmetry of the convection pattern is broken and the columnar vortex structure becomes vulnerable. Another attractive finding is that the quadrupole mode grows, exceeding the dipole mode before the reversal; this may help to explain how Earth's magnetic field reverses.
Earth's magnetic field is believed to be generated by dynamo action in a rotating electrically conducting fluid (1-3). The magnetic field of Earth is dipole-dominated and suddenly reverses its polarity at irregular intervals (4, 5) . Three-dimensional magnetohydrodynamic simulations in recent years have succeeded in demonstrating the self-excitation of the dipole field (6) (7) (8) . In the Glatzmaier-Roberts simulation (6), reversal of the generated dipole field was also observed. On the other hand, the Kageyama-Sato model obtained a flip-flop transition of the total magnetic and convection energies, which was associated with the reversal of the dipole field (9) . Glatzmaier et al. (10) studied the effects of nonuniformity of heat flux pattern on the reversal to find the role of the nonuniform heat flux. Coe et al. (11) described the evolution of the morphology and/or spectral energy of simulated magnetic fields during reversals. Although the previous reversal studies have succeeded in demonstrating the occurrence 
